Evidence is presented that Zn2+ and certain other multivalent cations inhibit the uptake and oxidation of substrates by Pseudomonas aeruginosa and by other bacterial cells. Tris(hydroxymethyl)aminomethane augmented this effect. Inhibition by these multivalent cations could be prevented by incubation of cellular suspensions of P. aeruginosa in phosphate buffer. In the case of other microorganisms, incubation in the presence of ethylenediaminetetraacetate also prevented the inhibition. Inhibition by Zn2+ of the uptake and of the oxidation of substrates could be reversed by the addition of Mg2+. Zn2+ was shown to inhibit noncompetitively the uptake of the three substrates studied, L-alanine, D-glucose, and citrate.
When Pseudomonas aeruginosa is incubated with ethylenediaminetetraacetate (EDTA) and tris(hydroxymethyl)aminomethane (Tris), osmotically fragile rods (i.e., osmoplasts) result (1) . Osmoplasts resulting from this treatment can be restored to an osmotically stable form (i.e., restored cells) by the addition of multivalent cations. If osmoplasts are formed in the presence of Tris buffer and restored to osmotic stability with certain multivalent cations, a loss of ability to oxidize some substrates, a loss of viability, or both are noted (1, 4) . These observations suggested to us that certain multivalent cations and Tris buffer interfere with the uptake of substrates.
The experiments described in this communication were undertaken, therefore, to investigate the effects of multivalent cations and Tris buffer on the oxidation and uptake of substrates by bacteria.
MATERIALS AND METHODS Cultivation of organism. Cells of P. aeruginosa strain OSU 64, which were used to study the oxidation and uptake of D-glucose or L-alanine, were cultivated in a medium composed of the basal salts solution devised by Grelet (7) to which was added 20 g of glucose, 8 g of Nutrient Broth, and 3 g of yeast extract per liter. Medium for the cultivation of cells which were used to study the oxidation and uptake of citrate was composed of the same basal salts solution to which was added 5 g of citric acid per liter. The pH of the media was adjusted to 6.9 to 7.0. All cells were culti- vated at 37 C on a rotary shaker in 500-ml Erlenmeyer flasks, each containing 100 ml of medium. Cells were harvested after 14 to 16 hr of cultivation, washed with 0.15 M NaCl before use, and finally suspended in 0.15 M NaCl to yield 3.6 to 3.9 mg of cells per ml.
Reagents. All reagents, substrates, and buffers were prepared in 0.15 M NaCl. Glass-distilled water was used throughout for all preparations. All multivalent cations which were used in these experiments were chloride salts except UO22+ which was in the acetate form. The "IC-labeled substrates were uniformly labeled "4C-D-glucose, uniformly labeled "C-L-alanine, and citric acid-,5-14C.
Oxygen uptake. citrate resemble those for the uptake of carbohydrates by other microorganisms (2) .
A linear uptake of 'IC-labeled alanine was observed over a long period of time (Fig. 2) . Although not shown in Fig. 2 organisms was inhibited by multivalent cations similarly to P. aeruginosa.
The inhibition of glucose oxidation by P. aeruginosa with 1 ,umole of Zn2+ per ml was fully reversed by the addition of Mg2+ to give a final concentration of 5 ,moles/ml and was partially reversed by 1 ,umole of Mg2+ per ml (Table 1) . Ca2+ was less effective in reversing inhibition of glucose oxidation by Zn2+ even when concentrations of Ca2+ up to 100 ,umoles/ml were used. We have also noted that inhibition by Ni2+ was reversible by Mg2+. Neither Ca2+ nor Mg2+, however, effectively reversed the inhibition of glucose oxidation by U022+. Attempts were not made to reverse the inhibition of glucose oxidation by other multivalent cations with Ca2+ or Mg2+. Finally, although not shown here, Ca2+ and Mg2+ alone were either without effect on glucose oxidation by P. aeruginosa or were slightly stimulatory.
The inhibition of the oxidation of alanine with Zn2+ was partially reversed by Mg2+ and not at all by Ca2+; inhibition by UO22+ was not reversed by either divalent cation ( Table 1) .
Reversibility of the Zn2+-inhibited uptake of glucose by Mg2+ in a self-buffered system but not in a Tris-buffered system. Mg2+ reversed the Zn2+-inhibited uptake of glucose in a self-buffered system but not in a Tris-buffered system at pH 7.5 ( Effects of divalent cations in N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES)- (Table 5 ). This inhibition was partially reversible by Mg2+ at pH 6.0 but not at pH 7.0 or pH 7.5, mimicking, in this respect, the combined effects of Zn2+ and Tris buffer at an alkaline pH. Reversibflity of Zn2+ inhibition in a HEPESbuffered system. When cells of P. aeruginosa were incubated in Warburg vessels with Tris buffer (pH 7.5) and with HEPES buffer (pH 7.5) in the presence of both Zn2+ and Mg2+, inhibition of glucose oxidation was observed, as evidenced by no oxygen uptake during the first hour of incubation (Fig. 3) . When sufficient HCI was tipped into the cellular suspensions from side arms to lower the pH to 6.0, inhibition by Zn2+ in the HEPES- Viability of cells after incubation in Tris buffer, Zn2+, and U022+. Cells of P. aeruginosa were incubated for 3 hr in solutions of Tris buffer (pH 7.5), of Zn2+, of U022+, and of combinations of Tris buffer and Zn2+ and Tris buffer and U022+. These were then diluted in 0.15 M NaCl and plated out in Nutrient Agar. There was no loss of viability, as evidenced by the ability of the cells to form colonies. Thus, the combined effects of Tris buffer (pH 7.5) and Zn2+ or UO22+ is reversible by dilution and incubation in a medium suitable for growth.
Saturation kinetics of Zn2+-inhibited uptakes of glucose, alanine, and citrate. Lineweaver-Burk plots were made for the Zn2+-inhibited uptake of 4IC-glucose (Fig. 4) , l4C-alanine (Fig. 5) , and 14C-citrate (Fig. 6) 7 .5 than at pH 6.0. Zn2+ inhibition was reversed by Mg2+ in a self-buffered system (i.e., in the absence of an external buffer), pH 6.0, and in Tris-and HEPES-buffered systems, pH 6.0. Reversal of Zn2+ inhibition of Mg2+ could not be demonstrated at pH 7.5 in either Tris-or HEPESbuffered systems. Reversal by Mg2+ occurred, however, when the reaction of the HEPES-buffered system, but not the Tris-buffered system, was lowered from pH 7.5 to pH 6.0 after the addition of both Zn2+ and Mg2+. Thus, at an alkaline pH, Tris buffer appeared to augment the inhibitory effects of Zn2+. Tris has been shown to interact with divalent cations, forming complexes of unknown composition at values of pH 7.5 or above (8) . Our data suggest that a Tris-Zn2+ complex, formed at an alkaline pH, was more inhibitory to the uptake and oxidation of substrates than either substance alone. This effect was shown not to be lethal, however, since cells which had been incubated with Tris buffer and Zn2+ or UO22+ were capable of forming colonies after dilution and plating in a medium suitable for growth.
An alternative explanation is that Tris at pH 7.5 forms a complex with Mg2+, which is thereby unavailable. We think that this is not the case. Tris is commonly used as a buffer for enzyme systems which require Mg2+ as an activator. Mg2+ has not been reported to be rendered unavailable under these circumstances.
Lester, Azzena, and Heckter (14) observed that the uptake of lactose by Neurospora crassa was reduced by approximately two-thirds by Tris buffer at pH 8. Similarly, Leive and Kollin (13) also reported that Tris buffer has effects on bacterial permeability. However, we noted no inhibition of uptake or oxidation of substrates by Tris buffer in the absence of cations. On the contrary, uptake was increased in the presence of Tris buffer, pH 7.5, presumably owing to a more favorable pH in the Tris-buffered systems than in the self-buffered systems.
Phosphate buffer protected P. aeruginosa against the inhibition of uptake and oxidation of substrates by Zn2+ or by U022+, presumably by complexing with these cations. We have also noted that EDTA, as well as phosphate buffer, protected A. agilis, E. coli, and S. aureus against inhibition of the oxidation of glucose and citrate by Zn2+ (unpublished data).
There are numerous reports in the literature that multivalent cations both interfere with and aid in the transport of metabolites in microorganisms. Lusk, Williams, and Kennedy (15) pointed out that the effects of EDTA and of osmotic shock suggest that the cation Mg2+ is important for the maintenance of the permeability barrier of the bacterial cell. Mg2+ has been reported to play a role in the transport mechanisms of certain'substrates by Azotobacteragilis (6). Kepes and Cohen (12) cited evidence that Mg2+ stimulated tryptophan transport by E. coli whereas Hg2+ inhibited transport of phosphates by S. aureus. Kaback and Stadtman (11) reported that glycine uptake by membrane preparations of E. coli is dependent on the presence of Mg2+ and an energy source. Indge (9) presented evidence that bound Mg2+ or other cations in some way controlled the permeability properties of the cell membrane of yeast protoplasts. Dvorak (3) observed that EDTA affected cellular uptake of certain amino acids and simple carbohydrates by E. coli. Farrell and Rose (5) showed that loss of viability following rapid chilling of dilute suspensions of bacteria was prevented by Mg2+, apparently by preventing adverse effects on the cellular permeability properties. Sykes and Tempest (18) showed that Mg2+ stimulated entry of glucose into cells of Pseudomonas putida which had been grown in a Mg2+-limiting environment. Finally, Silver and Levine (17) An alternative speculation is that Zn2+, and perhaps other inhibitory cations as well, induced reversible conformational changes in the tertiary structures of protein molecules in the cell membrane which are involved in the transport of substrates. These proteins would then be inactive in the transport process in the presence of Zn2+.
Mg2+, on the other hand, may function to bring about the formation of the type of tertiary structures of these proteins which are necessary for transport activity.
Finally, Zn2+ may have inhibited some step of the energy transfer cycle which is involved in the transport of substrates and which is reversible by Mg2+.
Our experiments with P. aeruginosa do not permit us to distinguish clearly between inhibition of metabolism or inhibition of transport of substrates by Zn2+. Since the Zn2+ effect is subject to external pH and to reversibility by Mg2+, a surface-type of inhibition is indicated. Evidence for an effect on metabolism was the observation that endogenous respiration was reduced by 20 to 30% by Zn2+ in a self-buffered system and in a system containing Tris at pH 6.0, but by approximately 50 to 60% in a Tris-buffered system at pH 7.5. In the latter case, both surface and intracellular inhibition may be involved. On the other hand, when other microorganisms that are not susceptible to lysis by EDTA were used, we found that Zn2+ inhibition was reversed by EDTA. Since bacteria are considered to be impermeable to EDTA, this clearly indicates a surface-type phenomenon. Thus, while there may be some effect on intracellular metabolism, our data strongly suggest that the primary effect of Zn2+ is a surface phenomenon affecting the transport of substrates.
The elucidation of the exact mechanism of action of the cations used in these experiments on cellular permeability will have to await further experimentation. It seems clear, however, that Mg'+ participates in cellular transport phenomena.
